Introduction {#S1}
============

Allogeneic stem cell transplantation (allo-HSCT) is an established treatment with curative intent for patients with myeloid leukemias or MDS.^[@R1],[@R2]^ Recently, introduction of (a) nucleoside analog(s) (NAs), most commonly fludarabine (Flu), combined with IV busulfan (Bu) in a "reduced-toxicity" regimen, has gained popularity because of its high safety level when NAs are combined with Bu.^[@R3]--[@R8]^ The antileukemic effects of such (a) combination(s) is/are very similar to those of the Bu-Cyclophosphamide (BuCy2) regimen when optimized for synergistic cytotoxicity of the two agents.^[@R6],[@R9],[@R10]^

Further, the clinical and pharmacological lessons from both oral and IV BuCy2 variant regimens suggested that a low Bu-systemic exposure (Bu-SE) was associated with higher risks for graft failure and leukemic relapse, while a high Bu-SE was associated with serious toxicity and graft vs host disease (GvHD). These results indicated the existence of an optimal therapeutic interval for Bu-SE. We proposed that this interval is a compromise between desirable antileukemic effect and complications arising with increasing dose intensity^[@R11]--[@R16]^ ([Suppl. Figure S1](#SD1){ref-type="supplementary-material"}). The IV Bu data were used to define a therapeutic Bu-SE interval, represented by the area under the concentration vs time curve (AUC)^[@R14]^, ranging from approximately 3,600 to 6,100 µM-min daily when translated into a once daily, 4-day schedule.^[@R3],[@R4],[@R15]--[@R17]^ Inside this interval patients have an improved outcome, while at higher Bu-SE the risk for serious adverse events/treatment-related mortality (TRM) increases, and outweighs the anti-leukemic benefit of higher dose-intensity.^[@R11]--[@R16]^

We hypothesized that judicious use of pharmacokinetic (PK) information to guide/individualize Bu delivery would compensate for inter-individual variability in drug handling and metabolism. This PK-guided Bu dosing (a) would result in more precise, better standardized Bu-SE, (b) would yield better leukemia control without jeopardizing patient safety, and (c) could be safely escalated to improve disease control without increased TRM. Moreover, lethal complications are likely more common after fixed dosing in individuals with decreased drug clearance leading to a high Bu-SE. Our hypotheses also imply that PK-guided dose escalation would be most beneficial in patients with active disease at the start of conditioning therapy ([Fig. S1](#SD1){ref-type="supplementary-material"}).

Further support for PK-guidance was provided by the increased safety experienced with targeted Bu^[@R7],[@R8],[@R14],[@R16]^, and by Popat *et al* who demonstrated that standardized, PK-guided Bu dosing improved outcome in patients transplanted with Flu-IV Bu for myeloproliferative disorders compared with controls who received fixed-dose Bu in a similar, reduced intensity conditioning (RIC), regimen.^[@R18]^

To test our hypotheses, we designed a prospectively randomized trial of Flu with PK-guided vs. fixed-dose Bu in AML/MDS patients undergoing allo-HSCT. The end point of the study was to investigate if PK-guided Bu to an average daily AUC of 6,000-µM-min±10% is superior to a fixed dose of 130 mg/m^2^ (daily AUC \~5,000 µM-min, range \~3,000--8,000), in terms of time to treatment failure (relapse or death from any cause) in patients with AML or MDS. Data regarding engraftment, toxicity, relapse over time, and long-term overall (OS) and progression-free survival (PFS) were collected. Patients were stratified only based on disease status, i.e. whether they had a cytological (bone marrow; BM) complete remission (CR) or active disease. The trial was limited to AML/MDS patients, to avoid possibly confounding effects of differential drug sensitivity of different diseases. Our results demonstrate for the first time in a randomized, prospectively controlled trial, that PK-guided Bu delivery confers significant advantages over the more traditional prescription of (pretransplant conditioning) chemotherapy based only on body weight/body surface area.

Patients and Methods {#S2}
====================

Eligibility Criteria {#S3}
--------------------

### Patient Eligibility {#S4}

AML patients in first CR should have failed initial induction chemotherapy, i.e. to have needed a salvage regimen to attain CR1, or have high-risk disease, characterized by cytogenetics other than translocation (8;21 or 15;17), inversion (16), or by the need for more than one cycle of chemotherapy to achieve CR.^[@R4]^ All patients beyond CR1 or having chemotherapy-refractory disease were eligible. Subjects with MDS were eligible if they had an International Prognostic Scoring System (IPSS) score ≥ 2 (ref. [@R19]), or if they failed to achieve CR with chemotherapy.

The eligibility criteria further included acceptable renal (creatinine ≤1.5 mg%) and hepatic function with normal bilirubin, SGPT ≤ 3 times the upper normal limit, a ZUBROD performance status ≤2, negative serology for hepatitis B, -C, and HIV, LVEF ≥45%, FEV1, FVC and DLCO ≥50% of predicted, no active infection, and no chemotherapy within 30 days prior to study entry. A human leukocyte antigen (HLA-) compatible related (fully matched or one antigen mismatched) or matched unrelated donor (MUD) was required. The study was approved by the institutional review board prior to its initiation, and all patients signed informed consent prior to randomization per institutional guidelines.

Conditioning regimen {#S5}
--------------------

### Fludarabine-IV Busulfan (Flu-Bu) {#S6}

When eligibility had been confirmed, and patients had signed informed consent, they were prospectively randomized between the two arms of the protocol, stratifying by disease status (CR vs active disease). After randomization, each patient was admitted to start conditioning therapy, or to receive the Bu test dose that preceded conditioning in the PK-guided arm. The treatment consisted of Flu, 40 mg/m^2^, (Fludara^®^, Berlex Labs., Inc., Montville, NJ), dosed according to actual body weight and given IV over 60 minutes daily × four (days −6 to −3), each dose was followed by Bu over 3 hours (IV Busulfex^®^ (busulfan) Injection, Otsuka America Pharmaceuticals Inc., Princeton, NJ), at 130 mg/m^2^ body surface area ("fixed-dose"), or calculated to target an average daily AUC of 6,000 µM-min±10% (total course AUC 24,000 µM-min±10%). The drugs were infused via controlled-rate infusion pump through a central venous catheter (CVC). Busulfan in the fixed-dose arm was given per actual weight to 120% of ideal weight, above which it was based on adjusted ideal body weight, calculated as ideal weight plus 50% of the difference between ideal and actual weight. The Bu dose in the PK-guided cohort was calculated based on PK-parameters derived from a Bu test dose of 32 mg/m^2^ administered IV over 45 min 2--5 days before the therapeutic conditioning program. All Bu analyses and PK-parameters were performed as previously described.^[@R17],[@R20]--[@R25]^ Briefly, blood samples for Bu analysis were collected from a peripheral IV line to avoid possible cross-contamination caused by the proximity between different ports of the CVC used for drug administration. Samples were collected on wet ice, separated at 4°C, and the plasma cryopreserved at −70°C until analysis using high-pressure liquid chromatography with mass-spectrometric detection.^[@R17],[@R20],[@R21]^ The PK-modeling was performed using the ADAPT II Software program, Version 4.0 (BMRS, University of Southern California, Los Angeles, CA).^[@R26]^

### Supportive Care {#S7}

Supportive care was given according to extant institutional protocols. All patients received filgrastim (Neupogen^®^, Amgen, Inc., Thousand Oaks, CA) 5 µg/kg s.c. daily from day +7 until achieving an absolute neutrophil count (ANC) ≥1.5 × 10^9^/L for three days. Phenytoin was given as seizure prophylaxis, started in the evening before and then in the morning of the Bu test dose and then restarted the evening before therapeutic Bu administration, and again given before each daily therapeutic Bu dose with the last dose administered on day −2.

All patients received GvHD prophylaxis with tacrolimus (Prograf^®^, Fujisawa Healthcare, Inc., Deerfield, IL) and methotrexate, 5 mg/m^2^ IV on days +1, +3, +6 and +11.^[@R27]^ Tacrolimus was continued for 6--8 months. Patients with a one-antigen mismatched related or unrelated donor received rabbit-ATG (Thymoglobulin^®^, Sanofi-Genzyme Inc. Cambridge, MA), 0.5 mg/kg on days HSCT − 3, 1.5 mg/kg on day −2, and 2 mg/kg on day −1.

### Stem Cell Grafts {#S8}

Procurement of donor peripheral blood progenitor cells (PBPC) after stimulation with filgrastim has been described.^[@R4]^ Bone marrow was obtained under general anesthesia and targeted to 3 × 10^8^ nucleated cells per kg patient body weight (BW). The PBPC dose was targeted to approximately 5 × 10^6^ CD34+ cells/kg patient BW.^[@R4]^ Bone marrow and PBPC from MUD donors were obtained through the National Marrow Donor Program.

### Human Leukocyte Antigen Typing {#S9}

HLA-typing for class I and class II antigens was performed with low resolution molecular typing using sequence-specific oligonucleotide primers for hybridization of amplified DNA, followed by high resolution typing for all patients and donors. Patient-donor pairs were considered fully matched by compatibility for HLA-A, -B, -C and -DRB1 and -DQ.^[@R4]^

### Clinical Outcome Variables {#S10}

The endpoint of the study was to investigate if Bu PK-guided to an average daily AUC of 6,000 µM-min (±10%) is superior to a fixed dose of 130 mg/m^2^ in terms of time to treatment failure, i.e. relapse or death from any cause, after allo-SCT in patients with AML or MDS. Data on engraftment, toxicity, relapse over time, as well as long-term overall and progression-free survival were collected. Time of engraftment was defined as the first of three days with an absolute neutrophil count ≥0.5 × 10^9^/L. Failure to engraft in the absence of malignancy in the bone marrow by day +30 was considered primary graft failure. Secondary graft failure was initial engraftment with donor-derived hematopoiesis followed by loss of graft function without recurrent leukemia. Time of platelet engraftment was defined as the first of seven days with a platelet count ≥20 × 10^9^/L without transfusions. The criteria for CR prior to transplant followed conventional cytological criteria, without circulating blasts and \<5% marrow blasts and normal maturation. Minimal residual disease was assayed by PCR- or FISH- or flow cytometry-based technique, but it was not consistently employed prior to study entry. Peripheral blood CR criteria, including platelets ≥100 × 10^9^/L and granulocytes ≥1.5 × 10^9^/L, were waived because of commonly ongoing maintenance chemotherapy. Post-transplantation, CR was defined by the same criteria and with documented donor cell engraftment by PCR.^[@R28]^

Cytogenetics were considered favorable for patients with translocation (15;17 or 8;21), or inversion (16); unfavorable ("poor risk/bad") for deletion of chromosome 5 and/or 7, multiple chromosomal abnormalities or trisomy of chromosome 8; and intermediate risk in all others.^[@R29]^ Morphological criteria, conventional cytogenetics, and/or flow-cytometry or PCR-based molecular criteria were used to diagnose recurrent/progressive disease. Cytogenetic relapse was documented by the presence of a clonal abnormality in two consecutive tests, obtained at least four weeks apart. Time to relapse/progressive disease was calculated from the transplant to the documented event. Patients with active disease who did not achieve CR after transplantation were scored as failures at the time of documented persistent/progressive disease. Toxicity was scored using the modified NCI criteria (CTC v3.0).^[@R30]^

Overall survival (OS) was calculated from day of transplant, with patients alive at the time of last follow-up administratively censored. Treatment-related mortality (TRM) was defined as death due to any cause other than recurrent disease. Patients alive at last follow-up or who experienced disease progression were censored for TRM. Progression-free survival (PFS) time was counted from allo-HSCT to relapse or death, censored for patients alive in CR at last follow-up.

Adverse events and hematologic parameters were monitored daily, and clinical chemistry parameters at least twice weekly during the initial hospitalization and then at least once weekly till day +100. Subsequently, patients were followed at least quarterly during the first year, then at gradually increasing intervals.

Statistical Methods {#S11}
-------------------

Demographics, clinical measurements, and toxicities (including grade III--IV acute GvHD in the first 100 days) were summarized for all patients and by Bu dose group. Categorical variables were summarized by frequencies and percentages, and their associations were assessed using either Fisher's exact test, or generalized Fisher's exact test.^[@R31],[@R32]^ Age at allo-HSCT date was summarized by median and range (minimum, maximum) and compared between Bu dose groups using the Wilcoxon rank sum test.^[@R33]^

### Unadjusted Event Time Analyses {#S12}

The Kaplan-Meier (KM) method^[@R34]^ was used to estimate unadjusted distributions of OS, PFS, and TRM and the log-rank test^[@R35]^ was used to assess unadjusted differences between treatment groups.

### Time to Event Regression Analyses {#S13}

Bayesian piecewise exponential survival time regression^[@R36]^ was used to assess relationships between each of OS, PFS, and TRM times and patient covariates and treatment arm. Because cytogenetic risk category information was missing for two patients, these patients were not included in the regression model fits. Non-informative N(0,100) prior distributions were used for the regression model coefficients and a gamma (0.001, 0.001) prior for the variance was assumed. A chain size of 10,000 was used in the Monte Carlo Markov chains to compute posteriors.

### Interpretation of Fitted Bayesian Event Time Regression Models {#S14}

To interpret each fitted Bayesian regression model, for a model parameter β that is the coefficient of a covariate or treatment indicator in the model, the numerical values labeled "Probability of a beneficial effect (pbe)" are posterior probabilities of the form Pr(β \> 0 \| Data), which indicates that survival increases with the covariate. For example, since the PK-guided Bu dose group had a pbe = 0.92 of OS, this says that the posterior probability of PK-guided Bu being superior to fixed-dose Bu was 0.92. Values 0.90 \< pbe \< 0.94 or 0.06 \< pbe \< 0.10 may be considered moderately significant, 0.95 \< pbe \< 0.99 or 0.01 \< pbe \< 0.05 may be considered significant, and pbe \> 0.99 or \< 0.01 highly significant.

### 2-to-1 Matched-Pair Analysis {#S15}

To further evaluate the impact of PK-guided Bu dosing, we compared the outcomes of patients in the fixed-dose Bu group whose natural metabolic capacity for busulfan yielded an average daily Bu AUC of 6,000 µM-min (±10%) when they received 130 mg/m^2^ with patients in the PK-guided Bu dose group using a matched-pair analysis. Thus, we performed a 2-to-1 matched pair analysis on the fixed-dose Bu patients who achieved AUC levels between 5,400 and 6,600 µM-min, using nearest neighbor matching, which selects the best control match(es) (in this case PK-guided Bu dose) for each individual in the treatment group (in this case fixed-dose Bu).^[@R37],[@R38]^ Matching was done in a 2:1 ratio, such that two PK-guided Bu patients were matched to each fixed-dose Bu patient. Matching was done using a distance measure which was estimated using a logistic regression model to compute propensity scores, which are estimated probabilities of a patient receiving the treatment they actually received. Matches were chosen for each fixed-dose Bu patient one at a time from largest to smallest distance measure value. Variables used in the propensity score-based matching were diagnosis (MDS vs. other), age, and disease status (CR vs. no CR) at allo-HSCT. The matched groups were compared using KM survival curves for OS and PFS, and the log rank test.

All statistical analyses were performed using SAS 9.3 for Windows (Copyright © 2011 by SAS Institute Inc., Cary, NC). KM survival curves for the matched groups and the OS posterior distribution were produced in R version 3.0.1. All statistical tests used a significance level of 5%. No adjustments for multiple testing were made.

Results {#S16}
=======

Two-hundred-eighteen patients were prospectively randomized to receive PK-guided Bu (N=111, 51%) or fixed-dose Bu (N=107, 49%), stratified for CR vs. active disease. [Table 1](#T1){ref-type="table"} summarizes the covariate distributions for all patients and by Bu dose group. Half of the patients were male and 82% were white with a median age at SCT of 50.7 years. Twenty-four percent of the patients had MDS and 31% were FLT-3 positive. About 70% of the patients received PBPC, and 50% had MUD donors. Eighty-three patients (38%) were in a poor cytogenetic risk category at diagnosis, while 62% were in CR. The only differences between the two sub-groups were observed for FLT-3 status (p=0.008) and cytogenetic risk status (p=0.050) ([Table 1](#T1){ref-type="table"}), both of which have been associated with a poor outcome.^[@R29],[@R39]--[@R41]^ The median follow-up time for all patients was 37 months (range: 0.1 -- 112.2), and the minimum follow-up time was 10 months in surviving patients.

There was no statistically significant difference in serious toxicities or serious acute GvHD between the two treatment groups in any of the patient cohorts. The detailed incidences of grade III--IV acute GvHD within 100 days for all patients, as well as severe treatment-related events for all patients are summarized in [Suppl. Table S1](#SD5){ref-type="supplementary-material"}.

[Table 2](#T2){ref-type="table"}, [Figures 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}, and [Supplemental Figures S2](#SD12){ref-type="supplementary-material"}--[S5](#SD19){ref-type="supplementary-material"} present summary statistics and KM-graphs for OS, PFS, and TRM for all patients and for non-CR, CR, and the MDS sub-groups. A significant difference was seen for OS in all patients and FLT-3 negative patients and for PFS in all, non-CR, MDS, and FLT-3 negative patients; longer survival was experienced by patients in the PK-guided Bu group compared with their fixed-dose Bu counterparts. There was a trend for less TRM in the PK-guided Bu group for all patients in spite of the similarity of toxicity(-ies) and GvHD between the arms. This was primarily due to a higher incidence of late infections in the fixed-dose arm ([Fig. S4](#SD18){ref-type="supplementary-material"}). Interestingly, the hazard function for overall survival/risk of dying (all patients) was higher for the fixed-dose Bu group, this difference was highest in the first year after transplant, but it did not reach a plateau. It persisted over the entire course of observation, up to and beyond 80 months post-transplantation ([Fig. S6](#SD20){ref-type="supplementary-material"}).

Patients with FLT-3 mutations have a worse prognosis and there was, by chance, a major overrepresentation of FLT-3 mutated (FLT-3 positive) patients in the PK-guided treatment arm which had not been accounted for in the up-front randomization. Therefore, we attempted to retrospectively address the issue of PK-guided versus fixed-dose Bu effects in sub-groups determined by FLT-3 status and whether the patient was in CR at transplant. It was first noted that there was a highly significant association between FLT-3 status and CR, with 75% of FLT-3 positive patients who received PK-guided Bu dosing in CR whereas only 42% of the FLT-3 positive patients in the fixed-dose group were in CR (p-value = 0.008). Any treatment comparisons of OS, PFS, or TRM within any of the five subgroups CR, Non CR, MDS, FLT-3 (+), and FLT-3(−) given in [Table 2](#T2){ref-type="table"} should be viewed with caution. This is due the facts that (i) these within-subgroup treatment comparisons were not planned in the trial design, (ii) subsample sizes within many of the subgroups are small, hence comparisons would have limited reliability, and (iii) the tabled p-values of treatment comparisons within individual subgroups were not adjusted upward to control the overall false positive rate due to multiple testing.

To assess the PK-guided versus fixed-dose Bu effect while accounting for FLT-3 status, a Bayesian piecewise exponential model was fit including three-way treatment-FLT3-CR interaction terms. This was done because, due to the play of chance, FLT-3 status (+/−) and disease status (CR, non-CR) were highly associated (p = 0.009), hence a fitted model including only a two-way interaction for treatment-FLT3 could misleadingly show an actual CR-treatment effect as a treatment-FLT3 effect. The fitted model indicated that there was no significant beneficial effect of PK-guided Bu dosing among FLT-3 positive patients. In contrast, a large, significant beneficial effect of PK-guided Bu dosing among FLT-3 negative patients (pbe=0.978) was observed, regardless of whether they were in CR. Accounting for PK-guided-versus fixed dose treatment effects within the four FLT-3-CR sub-groups in this way, the overall PK-guided versus fixed-dose Bu posterior mean hazard ratio was 0.64, with 95% ci 0.35 -- 0.94. However, we caution that these model-based inferences must be qualified by the facts that (i) they were not planned in the trial design, (ii) the eight treatment-FLT3-CR subgroup sample sizes were small, and (iii) the CR-FLT3 subgroup sample sizes were very imbalanced between the two treatment arms.

Associations between OS, PFS, and TRM and patient covariates for all patients and for the non-CR subgroup and for those with MDS are presented in [Table 3](#T3){ref-type="table"}, and [Suppl. Tables S2](#SD6){ref-type="supplementary-material"} -- [S9](#SD14){ref-type="supplementary-material"}. The posterior probability that PK-guided dosing is superior to fixed-dose delivery in all patients is 0.922 ([Figure 3](#F3){ref-type="fig"}). Similarly, the posterior probability that PK-guided Bu dosing is superior to fixed-dose Bu delivery was 0.938 and 0.958 for PFS and TRM, respectively ([Suppl. Tables S2](#SD6){ref-type="supplementary-material"}, [S3](#SD7){ref-type="supplementary-material"}). The difference between the two treatment groups for both OS and PFS for all patients at 5 years post-transplantation was also significant (p=0.042; [Fig. 1a](#F1){ref-type="fig"}). Moreover, the posterior probability that non-CR patients have a superior PFS if receiving PK-guided Bu dosing was 0.931 ([Figure S7](#SD21){ref-type="supplementary-material"}). The difference in relapse rate and TRM between the two treatment groups did not reach statistical significance, neither for the whole patient population nor for the non-CR patients ([Supplemental Figs. S8a](#SD2){ref-type="supplementary-material"}, [S8b](#SD3){ref-type="supplementary-material"} and [S9](#SD4){ref-type="supplementary-material"}, respectively).

The matched-pair analysis identified 34 patients in the fixed-dose Bu group who achieved average daily AUC levels of 6,000 µM-min ±10%, and 68 patients from the PK-guided group with similar characteristics. After matching, the fixed-dose Bu group and the PK-guided group had very similar OS distributions ([Fig. 4a](#F4){ref-type="fig"}; p=0.84), and PFS distributions ([Fig. 4b](#F4){ref-type="fig"}; p=0.61). These comparisons confirm that the observed differences in outcome between the two treatment arms likely were caused by the different modes of Bu-administration, namely PK-guided dosing vs. fixed-dose delivery. The difference in dose between the PK-guided and fixed-dose groups is illustrated by the range in dose delivered by PK-guidance, with a median of 157.5 mg/m^2^ (range 87 -- 234.4 mg/m^2^, [Table 1](#T1){ref-type="table"}).

DISCUSSION {#S17}
==========

Previous trials demonstrated that both oral BuCy2 and Cy-TBI are efficacious pretransplant conditioning treatments for patients with AML/MDS.^[@R1],[@R2],[@R42],[@R43]^ Recently published analyses indicate that IV Bu-based conditioning therapy yields both improved safety and better disease control/event-free survival.^[@R44]--[@R46]^ The subsequent introduction of nucleoside analog (Flu) - IV Bu-combinations increased the safety of the conditioning treatment, and recent reports suggest that such (a) regimen(s) is/are at least equivalent to IV BuCy2. (Refs. [@R6],[@R9],[@R10], provided that drug-sequencing and -timing in the Flu-IV Bu combination is optimized.^[@R47],[@R48]^ We hypothesized that PK-guided Bu-dosing to a predetermined Bu-SE would safely allow intensified therapy and improve outcome, i.e. optimized patient benefit from the dose-response relationship observed in AML,^[@R49],[@R50],[@R51]^ without increased regimen-related serious toxicity. Such PK-guidance might be of particular interest when the other drug(s) in the conditioning program is/are independent of GSH-conjugation and CYP 450-isoenzyme mediated metabolism, which introduce(s) further uncertainty as to how conditioning is standardized.^[@R52]^

In this study, Flu with fixed-dose Bu represents standard of care, beyond which the PK-guided group was intensified by about 20%, targeted towards the upper end of the previously suggested therapeutic interval, or about 4 × 1,500 µM-min for an average daily SE of 6,000 µM-min in the 4-day regimen.^[@R7],[@R8],[@R14]--[@R17]^ This was possible because the IV Bu-formulation consistently allows targeting a Bu-SE within a narrow range for the total treatment course or average daily Bu-SE.

Our results demonstrated a lower relapse rate (38% vs. 56%) and lower TRM (24% vs. 39%), respectively, at three years in the PK-guided group compared with the standard fixed-dose arm in non-CR patients (p=non-significant). The rates of significant acute GvHD were similar, while GvHD-related deaths during the first four years after allo-HSCT were fewer in the PK-guided arm. These results confirm the hypotheses underlying the study design; they further suggest that precise Bu- (alkylating agent-) delivery may be more important than previously thought, giving lower regimen-related toxicity, greater antileukemic efficacy, and lower rate of GvHD, all affecting survival beyond the first (few) year(s). When outcomes were compared between a subgroup of fixed-dose patients who, because of their inherent metabolic capacity achieved an average daily Bu-SE of 6,000 µM-min±10%, and matched patients from the PK-guided group, the results provide additional evidence that the difference in outcome between the two treatment arms was indeed due to the mode of Bu-administration, since both OS and PFS were very similar between the two matched groups ([Fig. 4](#F4){ref-type="fig"}). It appears that it would not matter if patients achieve the optimized Bu-SE from their biological make-up or whether it is provided through active PK-guidance as part of the treatment program's design.

The PK-targeted systemic exposure of an average daily AUC of 6,000 M-min was extrapolated from our previous investigation utilizing the IV BuCy2-regimen.^[@R14]^ It is conceivable that a detailed investigation of an optimal Bu therapeutic interval, when given with (a) nucleoside analog(s), may yield a slightly revised estimate. The present investigation suggests that disease characteristics, and -volume ought to be considered in addition to patient-unique features/comorbidities if/when computing a desirable individualized Bu-SE interval.^[@R53],[@R54]^ We based our study design partly on the assumption that an optimal therapeutic interval does exist for IV Bu in the Flu-Bu combination used here. Once we analyze a larger data set regarding PK/Bu-SE relative to clinical outcome for patients treated on newer Flu-IV Bu protocols, we anticipate that the optimal Bu-SE interval will be similar to what we used here, and that the upper recommendable average limit for once daily Bu dosing in a 4-day regimen will be in the range from approximately 5,500 to about 7,000 µM-min per day.^[@R7],[@R8],[@R14]--[@R16]^, representing Bu in a once daily 4-dose regimen, where each dose is preceded by a dose of Flu, at 40--50 mg/m^2^. (Refs. [@R47],[@R48])

Finally, while PK information correlated with outcome, at first glance clinical disease status did not; PK-guided dosing was overall beneficial for all patients, and it conferred patients with active AML and MDS a major benefit. For AML-patients in CR, the difference in outcomes between the dosing groups favored PK-guided dosing without added toxicity, similar to that of the cohort(s) with active disease and to the whole patient population, but it did not reach statistical significance. One can argue that PK-guided Bu-dosing may benefit patients with a cytological CR and measurable minimal residual disease, who behave more like patients in relapse than those with a true CR.^[@R55]^ In contrast, it may not be possible to conclusively demonstrate any difference in OS or PFS in a group of patients in a true CR without evidence of MRD.^[@R55]^ However, the latter group of patients would still benefit from the enhanced safety level obtained with PK-guidance to a Bu-SE in an optimized exposure interval, while also retaining an optimal anti-leukemic effect, since there was no significant "price to pay" when it comes to serious adverse events and GvHD.

The finding of a smaller difference in outcome between these CR-groups may also partly explain why, for patients in cytological CR1, the use of Flu-IV Bu in reduced-intensity- vs. myeloablative-conditioning settings with fixed-dosing yield similar outcomes, as was recently reported from the EBMT.^[@R56]^ Thus, in CR1, patient heterogeneity outweighs the difference in outcome that could be attributed to different dose intensities. In contrast, another recent publication from the EBMT demonstrated improved outcome after more intensive Flu-Bu conditioning in patients with AML in CR2, where the relapse risk is significantly higher than in CR1.^[@R51]^ Again, this supports that safely intensified conditioning therapy benefits our patients, and that not all CRs are created equal.

In summary, our results strongly suggest that outcome of patients with AML/MDS transplanted after conditioning with our variant Flu-Bu 4-day regimen can be further improved by individualized PK-guided dosing, based on PK-results from a preliminary subtherapeutic "test" dose to target an optimized therapeutic Bu-SE interval. For such optimization cytotoxic drug dose delivery must be considered in terms of systemic exposure rather than administered dose; Bu doses in excess of 200 mg/m^2^ can be delivered safely in selected patients when utilizing PK-guidance. This is an area of future investigation.
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![Survival of matched pairs of patients, Kaplan-Meier estimates with 95% confidence bands. (a) Overall survival (Fixed dose N=34, number of deaths=15; PK-guided dose N=68, number of deaths=29). (b) Progression-free survival (Fixed dose N=34, number of deaths=15; PK-guided dose N=68, number of deaths=33).](nihms821173f4){#F4}

###### 

Summary of Patient Characteristics and Clinical Characteristics, Overall and by Treatment Group

  -----------------------------------------------------------------------------------------------------------------------------------------
  Measure                                         All Patients\   Busulfan Dose Group                 
                                                  (N=218)                                             
  ----------------------------------------------- --------------- --------------------- ------------- -------------------------------------
  **Age at SCT (years)**                                                                              

    Mean (SD)                                     47.5 (12.3)     46.9 (13.0)           48.2 (11.5)   0.66[b](#TFN2){ref-type="table-fn"}

    Median                                        50.7            50.3                  51.5          

    Minimum, Maximum                              13.2, 65.8      14.4, 65.3            13.2, 65.8    

                                                                                                      

  **Gender, n (%)**                                                                                   

    Male                                          110 (50)        55 (50)               55 (51)       0.79

                                                                                                      

  **Race, n (%)**                                                                                     

    White                                         179 (82)        91 (82)               88 (82)       1.00

                                                                                                      

  **MDS, n (%)**                                                                                      

    Yes                                           52 (24)         26 (23)               26 (24)       1.00

    No                                            166 (76)        85 (77)               81 (76)       

                                                                                                      

  **Donor type, n (%)**                                                                               

    Related                                       110 (50)        55 (50)               55 (51)       0.79

    Unrelated                                     108 (50)        56 (50)               52 (49)       

                                                                                                      

  **Cell source, n (%)**                                                                              

    HPC-A                                         155 (71)        79 (71)               76 (71)       1.00

    HPC-M                                         63 (29)         32 (29)               31 (29)       

                                                                                                      

  **Cytogenetic risk, n (%)**                                                                         

    Poor                                          83 (38)         35 (32)               48 (45)       0.050

    Not poor                                      133 (62)        75 (68)               58 (55)       

    Missing                                       2               1                     1             

                                                                                                      

  **Complete response, n**\                                                                           
  **(%)**                                                                                             

    Yes                                           135 (62)        72 (65)               63 (59)       0.40

    No                                            83 (38)         39 (35)               44 (41)       

                                                                                                      

  **FLT-3 (+), n (%)**                                                                                

    Yes                                           68 (31)         44 (40)               24 (22)       0.008

    No                                            150 (69)        67 (60)               83 (78)       

                                                                                                      

  **Total dose**[c](#TFN3){ref-type="table-fn"}                                                       

    Median                                                        157.5                               

    Minimum, Maximum                                              87.0, 234.4                         

                                                                                                      

  **Zubrod Score**                                                                                    

    n                                             194             97                    97            0.83

    Median                                        0               0                     0             

    Minimum, Maximum                              0, 2            0,1                   0,2           

                                                                                                      

  **Karnofsky score**                                                                                 

    n                                             202             104                   98            0.94

    Median                                        90              90                    90            

    Minimum, Maximum                              60, 100         70,100                60, 100       

                                                                                                      

  **HCT-Cl score**                                                                                    

    n                                             217             111                   106           0.15

    Median                                        2               2                     2             

    Minimum, Maximum                              0, 7            0, 7                  0, 7          

    \< 4, n (%)                                   174 (80)        85 (77)               89 (84)       0.18[b](#TFN2){ref-type="table-fn"}

    ≥ 4, n (%)                                    43 (20)         26 (23)               17 (16)       

                                                                                                      

  **HLA-**                                                                                            

    matched                                       198             98                    100           

    1-Ag mismatched                               20              13                    7             

      -A                                          7               4                     3             

      -B                                          3               2                     1             

      -C                                          2               1                     1             

      DRB1                                        2               \-                    2             

      DQB1                                        6               6                     \-            
  -----------------------------------------------------------------------------------------------------------------------------------------

Fisher's exact test

Wilcoxon rank sum test

busulfan administered by PK-guidance, dose normalized to body surface area \[mg/m^2^/day\]

###### 

Summary of Clinical Outcomes

  -----------------------------------------------------------------------------------
  Patients        Outcome\          Busulfan Dose Group   p-value             
                  Median (95%\                                                
                  CI)                                                         
  --------------- ----------------- --------------------- ------------------- -------
  **All**         **OS**            NE (31.3, NE)         26.4 (12.3, 63.0)   0.042

  **PFS**         69.9 (17.9, NE)   11.2 (7.1, 38.2)      0.042               

  **TRM**         NE (NE, NE)       NE (63.0, NE)         0.07                

  **CR**          **OS**            NE (46.4, NE)         NE (19.1, NE)       0.35

  **PFS**         NE (22.7, NE)     52.2 (9.2, NE)        0.51                

  **TRM**         NE (NE, NE)       NE (NE, NE)           0.37                

  **Non CR**      **OS**            31.3 (7.8, NE)        12.5 (7.5, 26.3)    0.08

  **PFS**         30.0 (5.6, NE)    5.4 (3.9, 11.7)       0.044               

  **TRM**         NE (NE, NE)       63.0 (7.9, NE)        0.10                

  **MDS**         **OS**            53.6 (20.2, NE)       12.7 (7.9, 40.0)    0.09

  **PFS**         46.4 (17.8, NE)   6.6 (4.1, 36.0)       0.034               

  **TRM**         NE (31.6, NE)     40.0 (7.9, NE)        0.15                

  **FLT-3 (+)**   **OS**            64.4 (16.4, NE)       31.2 (7.5, NE)      0.52

  **PFS**         23.4 (8.5, NE)    21.7 (3.7, NE)        0.65                

  **FLT-3 (−)**   **OS**            NE (28.1, NE)         26.3 (12.2, 63.0)   0.042

  **PFS**         NE (28.1, NE)     11.2 (7.9, 40.0)      0.025               
  -----------------------------------------------------------------------------------

CI = confidence interval;

CR = complete response;

NE = not estimated/not reached;

OS = overall survival;

PFS = progression-free survival;

TRM = treatment-related mortality

###### 

Bayesian piecewise exponential survival time regression - Overall Survival All Patients (N=216[\#](#TFN12){ref-type="table-fn"}, number of deaths=114)

  --------------------------------------------------------------------------------------------------------------
                      Posterior Quantities                             
  ------------------- ---------------------- ------- -------- -------- -----------------------------------------
  PK-Guided\          −0.271                 0.192   −0.645   0.104    0.922[†](#TFN7){ref-type="table-fn"}
  IV-BU Dose                                                           

  Centered Age        0.016                  0.008   −0.000   0.033    0.028[\*](#TFN6){ref-type="table-fn"}

  MDS                 −0.416                 0.249   −0.880   0.088    0.952[\*](#TFN6){ref-type="table-fn"}

  Poor Cytogenetic\   0.390                  0.192   −0.012   0.750    0.024[\*](#TFN6){ref-type="table-fn"}
  Risk                                                                 

  CR                  −0.906                 0.222   −1.324   −0.468   1.000[\*\*](#TFN5){ref-type="table-fn"}

  FLT-3 (+)           −0.113                 0.202   −0.279   0.507    0.289
  --------------------------------------------------------------------------------------------------------------

Highly significant;

Significant;

Moderately significant.

Notes:

SD = standard deviation

Number of intervals used: 4

PK-Guided vs. Fixed Mean HR (95% HPD Interval) = 0.78 (0.50, 1.08)

Two patients were lacking cytogentetic information and are therefore excluded from this modeling.

[^1]: Current Address: Department of Medicine-Hematology and Oncology, UH Case Medical Center, 11100 Euclid Ave., Cleveland, OH 44106

[^2]: Current Address: Department of Pathology, Stanford University School of Medicine, Stanford, CA 94305
